Although it is well known that wage inequality has evolved over recent decades, it is not known the extent to which the evolution of wage inequality is attributed to observed factors such as capital and labor quantities or unobserved factors such as labor-augmenting technology in many countries.
Introduction
The rest of this paper proceeds as follows. The next section reviews the related literature. Section 3 presents the aggregate production functions used to account for changes in the skill premium. Section 4 describes the data used for estimation. Section 5 outlines econometric specifications and techniques.
Section 6 discusses estimation results. The final section provides a summary and conclusions.
Related Literature
The aggregate production function has been a workhorse for the analysis of wage inequality. Bound and Johnson (1992) and Katz and Murphy (1992) estimate a production function with two types of labor (skilled and unskilled labor) to understand the sources of changes in the skill premium (the relative wage of skilled to unskilled labor) in the United States from the 1960s or 1970s to the 1980s. These studies reveal that changes in the skill premium are partially attributable to the relative quantity of skilled labor but mostly to unobserved factors such as skill-biased technological change. For a given elasticity of substitution between skilled and unskilled labor, Acemoglu (2003) and Caselli and Coleman (2006) measure the relative labor-augmenting technology in many countries using a production function with two types of labor. These studies consider cross-country differences in changes in the skill premium to be a consequence of differences in the direction of technological change. Krusell, Ohanian, Rios-Rull, and Violante (2000) develop and estimate a four-factor production function, in which not only skilled labor is distinguished from unskilled labor, but also capital equipment is distinguished from capital structure. Krusell, Ohanian, Rios-Rull, and Violante (2000) demonstrate that capital equipment is complementary to skilled labor relative to unskilled labor, and a rise in the skill premium in the United States since the 1980s is mainly a consequence of a rise in capital equipment. Lindquist (2005) reveals similar findings to Krusell, Ohanian, Rios-Rull, and Violante (2000) in Sweden. On the other hand, Caselli and Coleman (2002) measure labor-augmenting technology in the United States from 1963 to 1992 using the same production function as in Krusell, Ohanian, Rios-Rull, and Violante (2000) for given elasticities of substitution among capital and labor inputs. Caselli and Coleman (2002) find that technological change was biased towards skilled labor during the period. To the best of our knowledge, there have been no further studies that demonstrate changes in the skill premium are attributable mainly to observed factors such as capital-skill complementarity. Duffy, Papageorgiou, and Perez-Sebastian (2004) estimate a three-factor production function with one type of capital and two types of labor using cross-country panel data from the Penn World Tables   5.6 . Duffy, Papageorgiou, and Perez-Sebastian (2004) partially confirm the capital-skill complementarity hypothesis. However, the data used in the analysis do not contain information on wages. Therefore, a question remains as to the extent to which changes in the skill premium are attributable to capital-skill complementarity from an international perspective.
A workhorse for the analysis of the impact of ICT has been factor-share equations derived from the translog cost function. Autor, Katz, and Krueger (1998) reveal that the wage-bill share of skilled labor increased with a rise in the proportion of workers using computers in the United States between the years 1984 and 1993. Using data from 11 OECD countries between the years 1980 and 2014, Michaels, Natraj, and Van Reenen (2014) demonstrate that the wage-bill share of high-skilled labor increased with a rise in ICT capital equipment, while the wage-bill share of medium-skilled labor decreased. These studies focus on changes in demand for labor inputs associated with a rise in ICT capital equipment. To the best of our knowledge, there have been no studies that directly measure the quantitative contribution of ICT capital equipment to changes in the skill premium.
The Model
In this section, we consider four-and six-factor production functions, and provide ways of comparing the two types of production functions.
Four-factor production function
We first describe the four-factor production function developed in Krusell, Ohanian, Rios-Rull, and Violante (2000) . We assume that the output (y) is produced by a constant-return-to-scale technology using capital equipment (k e ), capital structure (k s ), (high-)skilled labor (ℓ h ), and unskilled labor (ℓ u ).
The four-factor production function is specified as
where A is factor-neutral technology, and ζ h and ζ u are the efficiency units of skilled labor and unskilled labor, respectively. The parameter σ governs the degree of substitution between the k e -ℓ h composite and ℓ u , while the parameter ρ governs the degree of substitution between k e and ℓ h . Theory restricts the range of parameters such that σ < 1 and ρ < 1. As confirmed by Fallon and Layard (1975) , Krusell, Ohanian, Rios-Rull, and Violante (2000) , and Duffy, Papageorgiou, and Perez-Sebastian (2004) , the specification of the production function (1) is consistent with the data, while the alternative specification, in which ℓ h and ℓ u are replaced, is not. The production technology exhibits capital-skill complementarity if capital equipment is less substitutable with (or more complementary to) skilled labor than unskilled labor (σ > ρ).
As in Caselli and Coleman (2002) , the four-factor production function can also be represented as:
where factor-augmenting technology is of the form: A e = A Let w h and w u denote the wages of high-skilled labor and unskilled labor, respectively, and r e and r s denote the rental prices of capital equipment and capital structure, respectively.
Profit maximization entails equating the value of marginal product with the marginal cost.
where ω is the wedge representing the deviation from the profit-maximizing conditions in perfectly competitive markets. We allow the size of the wedge to differ by input market. Appendix A.1 provides a detailed derivation of the first-order conditions.
The first-order conditions (3) and (4) imply that the relative wage of skilled to unskilled labor is proportional to the marginal rate of technical substitution of unskilled for skilled labor. After simple algebra, the relative wage of skilled to unskilled labor is given by
The first term is positive if σ > 0 (or 1 (1 − σ ) > 1). The second term is negative because σ < 1. The third term is positive if there is capital-skill complementarity (σ > ρ). Within the range of parameter values (0 < σ < 1 and σ > ρ), the skill premium (w h w u ) decreases with the relative quantity of skilled to unskilled labor (ℓ h ℓ u ) but increases with the relative quantity of capital equipment to skilled labor (k e ℓ h ) and the ratio of skilled to unskilled labor-augmenting technology (A h A u ), holding the relative wedge (ω h ω u ) constant. Following equation (7), changes in the skill premium can be decomposed into changes due to the effects of the relative labor quantity, capital-skill complementarity, and the relative labor-augmenting technology (i.e., skill-biased technological change). If there is no capitalskill complementarity (σ = ρ), changes in the skill premium are attributable to either the relative labor quantity effect or the relative labor-augmenting technology effect. Thus, the magnitude of skill-biased technological change can be overestimated if capital-skill complementarity is not taken into account.
The first-order conditions (3) and (5) imply that the ratio of the wage of high-skilled labor to the rental price of capital equipment is given by
Six-factor production function
We develop the six-factor production function. We assume that the output (y) is produced by a constantreturn-to-scale technology using ICT capital equipment (k i ), non-ICT capital equipment (k n ), capital structure (k s ), high-skilled labor (ℓ h ), medium-skilled labor (ℓ m ), and low-skilled labor (ℓ ℓ ). The sixfactor production function is specified as
where A is factor-neutral technology, and ζ h , ζ m , and ζ ℓ are the efficiency units of high-skilled labor, medium-skilled labor, and low-skilled labor, respectively. The six-factor production function involves four substitution parameters. The parameter σ governs the degree of substitution between the k i -ℓ h composite and the k n -ℓ m -ℓ ℓ composite, while the parameter ρ governs the degree of substitution between k i and ℓ h . The parameter ξ governs the degree of substitution between the k n -ℓ ℓ composite and ℓ m , while the parameter η governs the degree of substitution between k n and ℓ ℓ .
When specifying the production function, we must bundle capital and labor inputs together in the final nest so that the production technology can exhibit capital-skill complementarity. We choose to pair ICT capital equipment with high-skilled labor, and non-ICT capital equipment with low-skilled labor. ICT capital equipment and high-skilled labor are the least substitutable combination of capital and labor inputs, while non-ICT capital equipment and low-skilled labor are one of the most substitutable combinations. Theory restricts the range of parameters such that σ < 1, ρ < 1, ξ < 1, and η < 1. We confirm that the specification of the production function (9) is consistent with the data, while the alternative specifications are not. The production technology exhibits ICT capital-skill complementarity if σ > ρ and non-ICT capital-skill complementarity if η > ξ .
The six-factor production function can also be represented as:
where factor-augmenting technology is of the form:
Let w h , w m , and w ℓ denote the wages of high-skilled labor, medium-skilled labor, and low-skilled labor, respectively, and r i , r n , and r s denote the rental prices of ICT capital equipment, non-ICT capital equip-ment, and capital structure, respectively. Profit maximization entails equating the value of marginal product with the marginal cost.
where ω is the wedge. We allow the size of wedge to differ by input market. Appendix A.1 provides a detailed derivation of the first-order conditions.
The first-order conditions (11) and (12) imply that the relative wage of high-to medium-skilled labor is proportional to the marginal rate of technical substitution of medium-for high-skilled labor.
After simple algebra, the relative wage of high-to medium-skilled labor is given by
The first term is positive if σ > 0. The second term is negative because σ < 1. The third term is positive if there is ICT capital-skill complementarity (σ > ρ). Within the range of parameter values (0 < σ < 1, σ > ρ), the relative wage of high-to medium-skilled labor (w h w m ) decreases with the relative quantity of high-to medium-skilled labor (ℓ h ℓ m ) but increases with the relative quantity of ICT capital equipment to high-skilled labor (k i ℓ h ), and the ratio of high-to medium-skilled laboraugmenting technology (A h A m ), holding the relative wedge (ω h ω m ) constant. The fourth term is negligible if the degree of substitution between the k i -ℓ h composite and the k n -ℓ m -ℓ ℓ composite does not differ significantly from the degree of substitution between the k n -ℓ ℓ composite and ℓ m (σ ≃ ξ ).
Following equation (17), changes in the relative wage can be decomposed into changes due to the effects of the relative labor quantity, capital-skill complementarity, and the relative labor-augmenting technology.
The first-order conditions (12) and (13) imply that the relative wage of medium-to low-skilled labor is proportional to the marginal rate of technical substitution of low-for medium-skilled labor. After simple algebra, the relative wage of medium-to low-skilled labor is given by
The first term is positive if ξ > 0. The second term is negative because ξ < 1. The third term is positive if there is non-ICT capital-skill complementarity (η > ξ ). Within the range of parameter values (0 < ξ < 1 and η > ξ ), the relative wage of medium-to low-skilled labor (w m w ℓ ) decreases with the relative quantity of medium-to low-skilled labor (ℓ m ℓ ℓ ) but increases with the relative quantity of non-ICT capital equipment to low-skilled labor (k n ℓ ℓ ) and the ratio of medium-to low-skilled laboraugmenting technology (A m A ℓ ), holding the relative wedge (ω m ω ℓ ) constant. Following equation (18), changes in the relative wage can be decomposed into changes due to the effects of the relative labor quantity, capital-skill complementarity, and the relative labor-augmenting technology.
The first-order conditions (11) and (14) imply that the ratio of the wage of high-skilled labor to the rental price of ICT capital equipment is given by
The first-order conditions (13) and (15) imply that the ratio of the wage of low-skilled labor to the rental price of non-ICT capital equipment is given by
Comparison
We compare the two types of production functions. As seen above, the four-factor production function is not nested by the six-factor production function. We cannot simply test the four-factor production function against the six-factor production function by assessing the goodness of fit. Instead, we test assumptions implicit in the four-factor production function; that is, we examine whether ICT and non-ICT capital equipment are perfect substitutes and whether medium-and low-skilled labor are perfect substitutes. To do so, we calculate Morishima elasticities of substitution among all capital and labor
The Morishima elasticity of substitution of input a for input b is defined as:
where x a is the demand for input a as a function of the vector of input prices (p) and output (y), and p a is the price of input a. Appendix A.2 provides the exact expression for the input demand function.
Furthermore, we compare predictions for changes in the skill premium between the four-and sixfactor production functions. Because wages are defined as the ratio of total labor compensation to total hours worked, the wage of unskilled labor is calculated as w u = (w m ℓ m + w ℓ ℓ ℓ ) (ℓ m + ℓ ℓ ). The skill premium, w h w u , can be expressed in terms of the relative wages, w h w m and w m w ℓ .
When we calculate the impact of capital and labor quantities on the skill premium in the six-factor production function, we focus on the impact through the relative wage, holding (ℓ m + ℓ ℓ ) ℓ m and ℓ ℓ ℓ m constant, so that we can compare two types of production functions.
Data
The data used in the analysis are from the EU KLEMS database, which provides detailed and internationally comparable information on the price and quantity of capital and labor inputs in many OECD Labor inputs are divided into high-, medium-, and low-skilled labor. High-skilled labor consists of workers who completed college, medium-skilled labor consists of workers who entered college or completed high-school education, and low-skilled labor consists of workers who dropped out of high school or had only compulsory education. Medium-and low-skilled labor constitute unskilled labor.
We calculate wages at each skill level by dividing total labor compensation by total hours worked for all workers in all industries. It should be noted that the relative wages reported here need not be the same as those in other studies for several reasons. First, part-time workers are included in the calculation. Second, self-employed workers and family workers are included. Third, all workers are included without age restrictions. Fourth, workers in all industries are included. Finally, compensation and hours for side jobs are included.
Capital inputs are divided into capital equipment such as machines and capital structure such as buildings. Capital equipment is further divided into ICT capital equipment and non-ICT capital equipment. We follow Jorgenson (1963) and O'Mahony and Timmer (2009) in calculating the rental price of capital, also known as the user cost of capital. Appendix A.3 provides a detailed description of the calculation.
All variables measured in monetary values are converted into U.S. dollars using the purchasing power parity index and deflated using the gross value added deflator as described in Timmer, van Moergastel, Stuivenwold, and Ypma (2007) . The base year is 1995. After observing the trends in the price and quantity of capital and labor inputs, it is worth noting two things. First, the relative quantity of high-to low-skilled labor increased significantly more than the relative quantity of high-to medium-skilled labor in almost all countries, whereas the relative wage of high-to low-skilled labor did not decrease significantly more than the relative wage of high-to mediumskilled labor. This suggests that changes in the relative wages are not likely to be solely attributable to the relative quantity of labor inputs.
Second, the rental price of ICT capital equipment fell significantly in most countries, whereas the share of ICT capital equipment increased significantly. The negative co-movement between the price and quantity of capital equipment can be interpreted as evidence of technological change (Greenwood, Hercowitz, and Krusell, 1997) . This suggests that technological change is related to ICT capital equip-ment.
Estimation
We first present specifications for labor-augmenting technology and then describe moment conditions for estimating parameters in the four-and six-factor production functions.
Econometric specifications
We incorporate skill-biased technological change, as well as capital-skill complementarity, in the production functions. Technological change is said to be skill-biased if the relative labor-augmenting technology, A h A u , A h A m , or A m A ℓ , increases over time. We allow for this possibility by specifying the share parameters λ and ψ as a function of time. The share parameters are specified to lie between zero and one.
where c is an index for countries and t is an index for calendar years. We allow the speed and timing of skill-biased technological change to vary across countries over time by incorporating higher-order trend terms and by varying trend coefficients across countries. We choose the number of higher-order terms to account for changes in the relative wages in all countries, while we group all countries by the strength of trends and keep trends the same within groups to improve efficiency (see Appendix A.4 for the procedure). The efficiency unit of labor (ζ ) is normalized to one because it is not possible to disentangle the relative efficiency of labor from skill-biased technological change without direct measures of labor quality and technology.
We allow the degree of competitiveness to vary across countries. Cross-country differences in non-competitive and institutional factors are considered to be substantial relative to their changes over time. Thus, we treat the wedge (ω) as time-invariant country-specific effects. The wedge can then be eliminated by differencing over time.
Four-factor production function For the four-factor production function, we can obtain the following estimating equations by first-differencing equations (7) and (8).
∆ ln w h,ct r e,ct
where u 1,ct and u 2,ct are idiosyncratic errors. The errors are allowed to be correlated across equations.
The elasticity of substitution between high-and unskilled labor, 1 (1 − σ ), is identified from equation (24), while the elasticity of substitution between capital equipment and high-skilled labor, 1 (1 − ρ), is identified from equation (25). These equations are less nonlinear in parameters than those estimated in Krusell, Ohanian, Rios-Rull, and Violante (2000) . 2 Six-factor production function For the six-factor production function, we can obtain the following estimating equations by first-differencing equations (17), (18), (19), and (20).
where v 1,ct , v 2,ct , v 3,ct , and v 4,ct are idiosyncratic errors. The errors are allowed to be correlated across equations. The elasticity of substitution between high-and medium-skilled labor, 1 (1 − σ ), is identified from equation (26), while the elasticity of substitution between ICT capital equipment and high-skilled labor, 1 (1 − ρ), is identified from equation (28). The elasticity of substitution between medium-and low-skilled labor, 1 (1 − ξ ), is identified from equation (27), while the elasticity of substitution between non-ICT capital equipment and low-skilled labor, 1 (1 − η), is identified from equation (29).
Generalized method of moments
We jointly estimate the system of equations (24) and (25) for the four-factor production function and the system of equations (26)- (29) for the six-factor production function using the generalized method of moments (GMM). This approach is semi-parametric because it does not impose a distributional assumption on the errors. It achieves the identification of parameters in a transparent manner, as seen above. We treat all capital and labor inputs as endogenous variables, and use their two-, three-, and four-year lagged values as instrumental variables.
Let θ denote a set of parameters to be estimated. The vector of parameters is θ = σ , ρ, µ, λ 1,c , .
for the four-factor production function, and θ = σ , ρ, ξ , η, µ, γ, λ 1,c , . . ., λ S λ c ,c , ψ 1,c , . . . , ψ S ψ c ,c for the six-factor production function. The GMM estimator θ is chosen to minimize the quadratic form.
where g NT (θ ) is a vector of moment conditions, W NT is a weighting matrix. Let z denote a vector of instrumental variables. The elements of g NT (θ ) are (NT )
t=1 z u jct u jct for j = 1, 2 in the four-factor production function, and (NT )
t=1 z v jct v jct for j = 1, 2, 3, 4 in the six-factor production function, where N is the number of countries, and T is the sum of the number of years used for estimation in each country (T c ).
Decomposition
The log of the skill premium is additively linear in the capital-skill complementarity effect, the relative labor quantity effect, and the relative labor-augmenting technology effect in equation (7), derived from the four-factor production function. The results of this decomposition are not path dependent in the sense that the results do not depend on the order of decomposition. The capital-skill complementarity effect can be further decomposed into capital equipment and high-skilled labor, but the capital-skill complementarity effect is not additively linear in capital equipment or high-skilled labor. The results of such detailed decomposition are path dependent. Furthermore, the log of the skill premium is not additively linear in the capital-skill complementarity effect, the relative labor quantity effect, or the relative labor-augmenting technology effect in equation (22), derived from the six-factor production function.
The results of this decomposition are path dependent. We implement the Shapley decomposition to address the issue of path dependence (Shorrocks, 2013) . Appendix A.5 provides a detailed description of the decomposition.
Results
We first present the estimates for the elasticities of substitution among capital and labor inputs, and then discuss their implications for the skill premium. Table 1 presents the estimates for the elasticities of substitution in the four-and six-factor production functions.
Elasticities of substitution
Four-factor production function The four-factor production function involves two substitution parameters. The parameter estimates indicate that the elasticity of substitution is much smaller between capital equipment (k e ) and high-skilled labor (ℓ h ) than between the k e -ℓ h composite and unskilled labor (ℓ u ). The results confirm the capital-skill complementarity hypothesis (σ > ρ). The estimated elasticity of substitution between k e and ℓ h is similar to that in Krusell, Ohanian, Rios-Rull, and Violante (2000) , but the estimated elasticity of substitution between the k e -ℓ h composite and ℓ u is greater than that in Krusell, Ohanian, Rios-Rull, and Violante (2000) . Consequently, the difference between the two substitution parameters, σ − ρ, to which the capital-skill complementarity effect is proportional, is greater here (1.414 vs. 0.896). However, the results obtained in this study are consistent with those in Polgreen and Silos (2008), who re-estimate the four-factor production function using alternative U.S. data sets and estimation techniques. Polgreen and Silos (2008) demonstrate that the estimate of 1/ (1 − σ )
is greater when they use the data from the National Income and Product Account (NIPA) than when they use the data in Krusell, Ohanian, Rios-Rull, and Violante (2000) . Our estimates of 1/ (1 − σ ) and 1/ (1 − ρ) are both similar to those obtained from the NIPA data in Polgreen and Silos (2008) . Thus, our results support the view that the elasticities of substitution are similar among OECD countries after controlling for country-specific factors. The estimated elasticities of substitution are almost unchanged regardless of including and excluding time trends. Notes: Standard errors in parentheses are clustered at the country level, and those in square brackets are Newey-West adjusted with the optimal lag length (Newey and West, 1994) .
Six-factor production function The six-factor production function involves four substitution parameters. The parameter estimates indicate that the elasticity of substitution is much smaller between ICT capital equipment (k i ) and high-skilled labor (ℓ h ) than between the k i -ℓ h composite and k n -ℓ m -ℓ ℓ composite. The results confirm the capital-skill complementarity hypothesis. The elasticity of substitution is much smaller between the k n -ℓ ℓ composite and medium-skilled labor (ℓ m ) than between non-ICT capital equipment (k n ) and low-skilled labor (ℓ ℓ ). The results confirm the capital-skill complementarity hypothesis. The estimates of three substitution parameters σ , ξ , and η are not very different at 0.905, 0.786, and 0.858, respectively, while the estimate of the substitution parameter ρ is different from the other three substitution parameters at -0.157. The results imply that the capital-skill complementarity effect is mostly attributable to the term including ICT capital equipment.
Morishima elasticities Tables 2a presents Morishima elasticities of substitution among capital and labor inputs in the four-factor production function. Morishima elasticities are asymmetric, but we can observe some regularity. Capital equipment is much more substitutable with unskilled labor than highskilled labor, while unskilled labor is more substitutable with high-skilled labor than capital equipment.
The former result is consistent with capital-skill complementarity. The latter result indicates that the elasticity of substitution is greater between labor inputs than between capital and labor inputs. Table 2b presents Morishima elasticities of substitution among capital and labor inputs in the sixfactor production function. ICT capital equipment is much more substitutable with non-ICT capital equipment, medium-skilled labor, and low-skilled labor than high-skilled labor, while non-ICT capital equipment is more substitutable with low-skilled labor than medium-skilled labor. These results are consistent with capital-skill complementarity.
ICT and non-ICT capital equipment are substitutes at an elasticity of seven, and medium-and lowskilled labor are substitutes at an elasticity of five. However, neither ICT and non-ICT capital equipment nor medium-and low-skilled are perfect substitutes. These results are inconsistent with assumptions in the four-factor production function.
6.2 Skill premium 6.2.1 Accounting for changes in the skill premium Figure 5 shows the predicted values of the skill premium from the four-factor production function along with the actual values of the skill premium in 14 OECD countries. The skill premium is predicted very well by the four-factor production function. The predicted values of the skill premium almost overlap the actual values in all countries.
Figures 6 and 7 show the predicted values of the relative wage of high-to medium-skilled labor and of medium-to low-skilled labor, respectively, from the six-factor production function along with the actual values in the data in 14 OECD countries. The relative wages are predicted very well by the six-factor production function. The predicted values of the relative wage of high-to medium-skilled labor and of medium-to low-skilled labor almost overlap the actual values in all countries. Given that the skill premium can be expressed in terms of the relative wages of high-to medium-skilled labor and of medium-to low-skilled labor, the skill premium can also be predicted very well by the six-factor production function. Table 3a presents the estimated elasticities of the skill premium with respect to capital equipment, highskilled labor, and unskilled labor in the four-factor production function. The elasticities of the skill premium can be calculated by differentiating equation (7) with respect to capital and labor quantities.
Impact of capital and labor quantities
The results indicate that the skill premium increases with a rise in capital equipment and unskilled labor, but decreases with a rise in skilled labor. The skill premium changes most significantly with a change in skilled labor in terms of elasticities evaluated at the sample mean for all countries and all years. Table 3b presents the estimated elasticities of the skill premium with respect to ICT and non-ICT capital equipment and high-, medium-, and low-skilled labor in the six-factor production function.
The elasticities of the skill premium can be calculated by differentiating equation (22) with respect to capital and labor quantities. The results indicate that the skill premium increases with a rise in ICT capital equipment and medium-skilled labor, but decreases with a rise in high-skilled labor. The skill premium does not change significantly with a change in non-ICT capital equipment or low-skilled labor. When elasticity estimates are compared between the four-and six-factor production functions, the magnitude of the effect of ICT capital equipment is similar to that of total capital equipment, and the magnitude of the effects of high-and medium-skilled labor is similar to that of high-skilled and unskilled labor, respectively. Given that ICT capital equipment increased much more rapidly than total capital equipment, and medium-skilled labor did not change significantly in the majority of countries, ICT capital equipment and high-skilled labor are likely to be key factors in determining changes in the skill premium. Figure 8 shows the results on the decomposition of changes in the skill premium into the capital-skill complementarity effect, the relative quantity effect, and the relative labor-augmenting technology effect in the four-factor production function. The skill premium in the United States fell in the 1970s and rose from the 1980s to the 2000s. The fall in the skill premium in the 1970s is partially attributable to the relative quantity effect, while the rise in the skill premium after the 1970s is almost entirely attributable to the relative labor-augmenting technology effect. In a similar way, the rise in the skill premium in Australia and Germany is almost entirely attributable to the relative labor-augmenting technology effect. In contrast, the increase in the skill premium in the Czech Republic and Portugal is almost entirely attributable to the capital-skill complementarity. However, in most countries, the capital-skill complementarity effect is small relative to the relative labor-augmenting technology effect in the fourfactor production function.
Decomposition of changes in the skill premium
The main reason for this is presumably that an increase in capital equipment is not large enough relative to an increase in high-skilled labor in the data. As mentioned above, the estimated elasticities of substitution imply a greater response of the skill premium to changes in capital equipment than those in Krusell, Ohanian, Rios-Rull, and Violante (2000) . The real value of capital equipment could increase more rapidly if changes in the quality of capital equipment are taken into account. Krusell, Ohanian, Rios-Rull, and Violante (2000) construct and use the quality-adjusted measure of capital equipment based on the results of Gordon (1990) . We consider it to be an important step, but Gordon's (1990) Notes: All series are logged and normalized to zero in the initial period. Complementarity, quantity, and technology indicate the capital-skill complementarity effect, the relative quantity effect, and the relative labor-augmenting technology effect. Notes: All series are logged and normalized to zero in the initial period. Complementarity, quantity, and technology indicate the capital-skill complementarity effect, the relative quantity effect, and the relative labor-augmenting technology effect. Figure 9 shows the results on the decomposition of changes in the skill premium into the capitalskill complementarity effect, the relative quantity effect, and the relative labor-augmenting technology effect in the six-factor production function. The magnitude of the capital-skill complementarity effect is quite different between the four-and six-factor production functions. The rise in the skill premium in the United States is attributable almost entirely to the capital-skill complementarity effect and only marginally to the relative labor-augmenting technology effect. The rise in the skill premium in Australia and Germany is entirely attributable to the capital-skill complementarity effect. The capital-skill complementarity effect is large in all countries. The results imply that, if there were no increase in high-skilled labor relative to medium-and low-skilled labor, the skill premium would increase in all countries.
6.2.4 Decomposition of differences in changes in the skill premium across countries Table 4 presents the results on the decomposition of differences in changes in the skill premium compared with the United States based on the four-factor production function. The first two columns report the actual and predicted differences in changes in the skill premium compared with the United States, respectively. The next four columns report the portions attributable to capital equipment, skilled labor, unskilled labor, and the relative labor-augmenting technology, respectively. The last two columns report the percentages of the portions attributable to observed factors including capital equipment and skilled and unskilled labor in the actual and predicted differences in changes in the skill premium, respectively. The results indicate that, in Australia, Sweden, and the United Kingdom, more than half of the differences are attributable to differences in changes in capital and labor quantities. The main factors in accounting for such differences are capital equipment and high-skilled labor in the United Kingdom, and high-skilled labor in Australia and Sweden. Table 5 presents the decomposition of differences in changes in the skill premium compared with the United States based on the six-factor production function. The first two columns report the actual and predicted differences in changes in the skill premium compared with the United States, respectively.
The next seven columns report the portions attributable to ICT and non-ICT capital equipment, high-, medium-, and low-skilled labor, the ratio of high-to medium-skilled labor-augmenting technology, and Notes: "-" indicates the case when the predicted value deviates greatly in percentage terms from the actual value.
the ratio of medium-to low-skilled labor-augmenting technology, respectively. The last two columns report the percentages of the portions attributable to observed factors including ICT and non-ICT capital equipment and high-, medium-, and low-skilled labor in the actual and predicted differences in changes in the skill premium, respectively. The results indicate that, in Australia, Germany, Italy, Slovenia, Sweden, and the United Kingdom, more than half of the differences are attributable to differences in changes in capital and labor quantities. The main factors in accounting for such differences are highskilled labor in Australia, Germany, Sweden, and the United Kingdom, and ICT capital equipment in Germany, Italy, Slovenia, and Sweden.
However, a significant fraction of cross-country differences remains unexplained in terms of observed factors both in the four-and six-factor production functions. In Austria, Denmark, Finland, Japan, the Netherlands, differences in changes in the skill premium compared with the United States are attributed to such unobserved factors as high-skilled labor-augmenting technology. Table 5 : Decomposition of differences in changes in the skill premium from the United States: six-factor production function 
Conclusion
This paper has examined the sources and mechanism of changes in the skill premium from an international perspective. We used cross-country panel data from 14 OECD countries for the years 1970 to 2005 and estimated the aggregate production function extended to allow for multiple degrees of capitalskill complementarity and skill-biased technological change. Changes in the skill premium over recent decades can be accounted for by means of the aggregate production function in all countries. We have shown that a rise in the skill premium can be largely attributed to the observed expansion of ICT capital equipment around the world.
In addition, we have shown that the skill premium can change significantly in response to changes in observed factors in the six-factor production function, in which ICT capital equipment is distinguished from non-ICT capital equipment, and medium-skilled labor is distinguished from low-skilled labor. If the evolution of wage inequality is attributed to such unobserved factors as skill-biased technological change, policies that induce skill-biased technological change would have a direct impact on the level of wage inequality. On the other hand, if the evolution of wage inequality is attributed to such observed factors as ICT capital equipment and high-skilled labor, policies that induce compositional changes in capital and labor inputs would affect the level of wage inequality regardless of whether skill-biased technological change is induced. Our results support the latter view, while partially confirming the former view.
where r jt is referred to as the rental price of capital or the user cost of capital. The first-order condition with respect to ℓ jt is simply
Equations for the no-arbitrage condition for capital equipment and structure and for the wage-bill ratio in Krusell, Ohanian, Rios-Rull, and Violante (2000) can be obtained from equations (36) and (37), respectively. In the main text, we allow the deviation from the profit-maximizing conditions in perfectly competitive markets.
A.2 Demand for inputs
The input demand functions can be derived from the marginal-rate-of-technical-substitution conditions and the production function. In the four-factor production function, the input demand functions are
where
In the six-factor production function, the input demand functions are
As in Blackorby and Russell (1981) , the Morishima elasticity of substitution (21) can be rewritten as:
It is straightforward to calculate the elasticity from the input demand functions (38)-(41) in the fourfactor production function and from the input demand functions (42)-(47) in the six-factor production function.
A.3 The rental price of capital
Capital is divided into eight categories: (i) computing equipment, (ii) communications equipment, (iii) software, (iv) transport equipment, (v) other machinery and equipment, (vi) non-residential structures and infrastructures, (vii) residential structures, and (viii) other assets. We classify categories (i), (ii), and (iii) as ICT capital equipment (k i ), (iv) and (v) as non-ICT capital equipment (k n ), and (vi) as capital structure (k s ). ICT and non-ICT capital equipment constitute capital equipment (k e ).
As seen from equation (36), the rental price of capital (r jt ) is determined by the price of investment (q jt ), the depreciation rate (δ j ), and the interest rate (i t ). The price of investment is calculated by dividing the nominal value by the real value of investment for each j = {e, i, n, s}. The depreciation rate is calculated from the average of depreciation rates of capital components weighted by the share of capital components. Following O'Mahony and Timmer (2009) , the interest rate is calculated as:
where r t k t = ∑ j r j k j for j = {e, s} in the four-factor production function and for j = {i, n, s} in the six-factor production function.
A.4 Country-specific trends
Specifications of country-specific trends are chosen as follows. First, the production function is estimated with country-specific linear trends, and all countries are grouped by the value of trend coefficients. Then, the production function is estimated with group-specific linear trends, and the trend terms are removed from countries where the trend coefficients are insignificant. Finally, quadratic and cubic trends are added for countries where the relative wages are not predicted well.
In the four-factor production function, we eventually divide all countries into seven groups for λ : (i) the United States, (ii) Finland and Italy, (iii) the Netherlands, (iv) Australia and Germany, (v) Austria and Denmark, (vi) Japan, (vii) the Czech Republic, Portugal, Slovenia, Sweden, and the United Kingdom. We include cubic trends for group (i), quadratic trends for groups (ii) and (iii), linear trends for groups (iv) to (vi), and no trends for group (vii).
In the six-factor production function, we divide all countries into six groups for λ : (i) the United States, (ii) Finland, Italy, and the Netherlands, (iii) Australia and Germany, (iv) Austria and Denmark, (v) Japan, and (vi) the Czech Republic, Portugal, Slovenia, Sweden, and the United Kingdom. We include cubic trends for group (i), quadratic trends for group (ii), linear trends for groups (iii) to (v), and no trends for group (vi). We divide all countries into eight groups for ψ: (i) Finland, (ii) Germany, (iii) Italy, (iv) Austria, (v) Denmark, Japan, Portugal, and Sweden, (vi) the Netherlands, (vii) the United Kingdom and the United States, and (viii) Australia, the Czech Republic, and Slovenia. We include quadratic trends for groups (i) to (iii), linear trends for groups (iv) to (vii), and no trends for group (viii).
A.5 Shapley decomposition
We consider measuring the contribution of each factor to changes in the skill premium using the Shapley decomposition (Shorrocks, 2013) . The determinant factor of the skill premium is denoted by d κ and indexed by κ = {1, 2, . . ., τ}. The subscripts c and t suppressed for notational simplicity. Changes in the skill premium can be represented as:
Let Γ (ϒ) denote the amount of changes in the skill premium if the factors, d κ for κ / ∈ ϒ, are held fixed at the initial value, o = (o 1 , . . .o τ ) denote the order in which the factors are held fixed, and ϒ (o ι , o) = { o ι ′ | ι ′ > ι} denote the set of factors that remain unfixed after the ι-th factor is held fixed.
The marginal contribution of the κ-th factor can be written as:
The Shapley decomposition is implemented by averaging the marginal contributions of each component over all possible sequences. Let O denote the set of sequences. The Shapley decomposition is
Thus, in the four-factor production function, changes in the skill premium can be decomposed as:
where the four terms represent the marginal contributions of k e , ℓ h , ℓ u , and A h A u , respectively. In the six-factor production function, changes in the skill premium can be decomposed as: 
A.6 Additional figures
Figures 11, 12, 13, and 14 show trends in the relative wages, the rental prices of capital, the shares of each labor input and the shares of each capital input in the countries other than the United States. 
